Introduction

M
ODERN ghter/attack aircraft rely on vortex ow to increase lift at moderate to high angle of attack' ®. Therefore, a great deal of interest exists in understanding and predicting the vortical ow structure generatedby swept wings. One form of vortex control uses small geometry modi cations ( llets) at the strake-wing junction to alter the vortex dynamics. Fillets are also possible candidates for roll control devices, being deployed symmetrically for enhanced lift and longitudinalcontrolor asymmetricallyfor lateral-directional control, as discussed by Hebbar et al. 1 Excellent reviews of these vortex control concepts are given by Lamar, 2 Rao and Campbell, 3 and Kern. 4 Various studies have looked at the effect of llets on the interaction of the wing and strake vortices. A numerical study by Kern 4 on a 76/40-deg swept wing indicated that linear and diamond-shaped llets could increase lift by up to 14% at low ® and up to 8% at high ® with a small improvement in lift-to-drag ratio. An experimental study on the same wing geometry was conductedin a water tunnelby Hebbar et al. 1 The inclusion of llets produced a more complicated vortex interaction caused by the formation of additional vortices in the llet region. Flow visualizationindicated a delay in vortex burst for diamond-shaped llets, with no de nitive trend in the vortex response for linear and parabolic-shaped llets. Another possible bene t of llets at the strake-wing junction might be a reduction in tail buffet. Impingement of burst vortices on the vertical tails of modern ghter/attack aircraft, referred to as tail buffet, has, in some cases, caused structural fatigue and necessitated replacement of the tails. Ghee et al. 5 investigated the magnitude and frequency of the tail response to vortex forcing using a matrix of pressure transducers on the vertical tails of a 76/40-deg at-plate, swept wing. The parabolic llet created the most tail buffet because this geometry results in a strong vortex system. The discontinuous shape of the diamond-shaped llet results in a number of vortices resulting in a weaker vortex system that led to the weakest tail buffet.
The primary objective of the present experiment was to investigate the lift characteristics of llets on a three-dimensional model and compare the results to a at-plate model with the same planform. It was also hoped to experimentally validate and quantify the increase in lift as a result of llets on at-plate models with the same planform as the three-dimensionalmodel. A secondary objective was to evaluate the effect of a simple centerbody on the lift of at-plate models with and without llets as a means for comparison to the full three-dimensional model.
Experimental Apparatus
Wind-Tunnel Facility
Tests were performed in a subsonic wind tunnel at the U.S. Naval Academy. This is a low-turbulence, open-return, closed-jet facility with a test section 79 cm in height, 112 cm in width, and 3.05 m in length. The tunnel uses a 185-kW electric motor controlled with a variable frequency drive and delivers a maximum freestream velocity of about 100 ms ¡1 . Flow management in the settling chamber consists of a high-aspect-ratio honeycomb ow straightener and a series of ne mesh screens. The nozzle contraction ratio is 9.6:1. The resulting freestream turbulence intensity in the test section is 0.06%. The test section is tted with a six-component, sting-type force balance system. The ® of the model can be varied from ¡35 to C35 deg using computer-controlled stepping motors. The data from the sting balance are acquired using a Hewlett-Packard Model 3852, 13-bit, data-acquisitionsystem connected to a PC.
Swept-Wing Models
A baseline swept-wing model and several derivatives were tested in this investigation. The baseline model was a 1:28 scale, threedimensional model of a modern ghter/attack aircraft. The wing span of the model S was 45.8 cm with a mean aerodynamic chord (MAC) of 14.26 cm and a wing reference area of 592.5 cm 2 . It was constructed of berglass-reinforcedplastic. Derivatives of this model incorporated linear, parabolic, and diamond-shaped llets at the strake-wing junctions. The llets increased the wing area by 1% and were similar to those used by Kern, 4 Hebbar et al., 1 and Ghee et al. 5 on a 76/40-deg at-plate, swept-wing model. The two remaining models were at-plate, swept-wing models (Fig. 1a) . The rst had the same planform as the baseline model. The second had the same planform as the baseline model with the linear llets. Linear-shaped llets were selected because they represent a much simpler geometry to fabricate than the diamond or parabolic llets, and the numericalresults of Kern 4 showed that they can signi cantly enhance lift at high ®. Both at-plate models were tested with and without the addition of an ogival cylinder centerbody on the top surface. The centerbody was placed at a distance x=L D 0 and 0.2 (Fig. 1b) . These results are referred to as the forward centerbody and aft centerbody results, respectively. All of the at-plate models used in the experiments were 7.2 mm thick and were constructed of biaxial carbon ber skins over a plywood core. The leading and trailing edges of the strake,wing, and tail were sharp,20-deg beveled with a at top surface.
Results and Discussion
The tests were conducted at a constant wind-tunnel velocity of 63.5 ms ¡1 (Re D 5.8 £ 10 5 based on MAC). Each model was statically pitched from ¡10 to C25 deg in 1-deg increments on a stingtype six-componentforce-balancesystem. Force-balance data were collected at a 60-Hz sampling rate over a 1-min interval. The acquired raw force data were reduced in accordance with the standard procedures outlined in Barlow et al. 6 This included removal of weight and de ection tares, solid and wake blockage corrections, conversion to force coef cients, wall interference upwash correction, and conversion of force coef cients from body to wind axes.
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Precision uncertainty estimates for the resulting mean lift coef cients were made using repeatability tests. Ten replicate pitch sweeps were made on all of the model con gurations. The standard error for the mean lift coef cient C L at each ® was calculated. To estimate the 95% precision con dence limits in the mean, its standard error was multiplied by the two-tailed t value (t D 2:262) for 9 deg of freedom and signi cance level of 0.05, as given by Coleman and Steele. 7 These were combined with the estimates of the bias errors to predict the overall 95% con dence limits for C L . These were estimated to be less than §1.5% for all of the models tested.
The lift coef cient results for several of the con gurations tested are shown in Fig. 2 . The ordinate in the gure was chosen to be C L -C Lo so that the results from the three-dimensional and atplate models could be more easily compared. The lift coef cient at ® D 0 deg, C Lo , was nearly zero for all of the three-dimensional cases tested and was negative for all of the at-plate cases because of the beveled edge on the suction side (see Fig. 1a ). The centerbody and llets did not have a signi cant effect on C Lo . The results in Fig. 2 indicate that within the experimental uncertainty the linear llet had no signi cant effect on C L for the three-dimensional model over the range of ® tested. Though not presented here, this was also the case for the diamond and parabolic llets. These results con ict with the at-plate studies of Kern 4 and Hebbar et al., 1 which both indicated an increase in lift with the inclusion of llets. The three-dimensional model results seem to indicate that there are distinct differences in the vortex interaction and breakdown between the at-plate and three-dimensional model. The results for the at-plate model show a signi cant increase in lift in the moderate-to-high ® range with linear llets as compared to the no-llets case. The increase in C L ranged from 5.6 to 12.9% and averaged 9.4% for ® D C10 to C20 deg. The increase ranged from 2.5 to 6.1% and averaged 3.7% for ® D C20 to C25 deg. These results, although on a different planform, show similar trends as seen in the numerical study of Kern 4 on a at-plate, 76/40-deg swept wing.
It was hypothesized that the differences in lift obtained for the three-dimensional model as compared to the at-plate model was caused by a fuselage effect. Results for the at-plate model with and without a centerbody are also shown in Fig. 2 . The results for the at-plate model with a centerbodyshow a signi cant increase in lift in the moderate-to-high ® range with linear llets as compared to the no-llets case. The increase in C L ranged from 7.8 to 12.5% and averaged 9.9% at ® D C10 to C20 deg for the aft centerbody case. The increase ranged from 2.1 to 7.3% and averaged 3.3% at ® D C20 to C25 deg. For the forward centerbody case the increase in C L ranged from 4.2 to 8.9% and averaged 6.0% at ® D C10 to C20 deg. The increase ranged from 2.2 to 4.2% and averaged 3.4% at ® D C20 to C25 deg. The aft centerbodyhad no signi cant effect on the lift for the at-plate model, with or without linear llets, as these results agree within their uncertaintywith those taken without a centerbody.The forward centerbodyresults, with or without linear llets, indicate an increase in C L over both the aft centerbody and no centerbody cases.
The results for the three-dimensional model and the at-plate models given in Fig. 2 show signi cant differences. Although this is not surprising in itself, the trends shown for the llets vs nollets cases are not in agreement. As stated before, the llets increased the lift on the at-plate models and did not on the threedimensional model. This illustratesthat caution should be exercised when attempting to apply ndings from at-plate models to threedimensional models and full-scale aircraft. In the present study the addition of a simple centerbody did not yield any better agreement between the model type. Further research into size, geometry, and placement of the centerbody should be undertaken to better address the ability of a at-plate model to predict the trends in performance of a three-dimensional model.
Conclusions
The following conclusions can be made from the present experimental investigation: 1) Linear llets placed at the strake-wing junction on a at-plate, swept-wing model led to a signi cant increase in C L at moderateto-high ® (C10 to C25 deg).
2) Linear, parabolic, and diamond llets at the strake-wing junction on the three-dimensionalmodel had little effect on C L over the entire ® range (¡10 to C25 deg).
3) A centerbody on the at-plate models had little effect on the lift coef cient and did not produce better agreement with the threedimensional model than the at-plate model alone.
4) Caution should be exercised when attempting to apply results and overall trends from at-plate, swept-wing models to threedimensional models and full-scale aircraft.
Introduction
T HE need for addressing optimization problems that are characterized by the presence of a large number of design variables, complex constraints, and discrete design parameter values exists in many elds including engineering design. A variety of local and global optimization algorithms have been developed for addressing such problems. Besides deterministic methods, stochastic methods such as genetic algorithm (GA) and simulated annealing (SA) algorithm have recently found applications in many practical engineering design optimization problems. These algorithms are easily implemented in robust computer codes as compared with deterministic methods because they do not depend on direct gradient information, which most deterministic methods do. However, SA and GA methods require a large number of function evaluationsand relatively longer computation time than deterministic methods, especially in the case of complex design problems. Although the use of parallel GA and parallel SA as outlinedin Wang and Damodaran 1 offers a way to reduce the large computational time, an attractive alternative to SA and GA could be the simultaneous perturbation stochastic approximation (SPSA) method described in Spall. 2 The SPSA method has been applied to numerous dif cult multivariate optimization problems in many diverse areas such as statistical parameter estimation, feedback control, simulation-based optimization, signal and image processing, and experimental design. The essential feature of SPSA, which accounts for its power and relative ease of implementation, is the underlying gradient approximation, which requires only two measurements of the objective function regardless of the dimensionsof the optimizationproblem. This feature allows for a signi cant decrease in the cost of optimization, especially for problems with a large number of variablesto be optimized.
The aim of this Note is to compare performance of SPSA with SA and GA and to explore any advantages that SPSA might offer to overcome the large computational efforts of SA and GA when appliedto wing-designproblems.These methodsare brie y outlined following the statement of the wing-design optimization problem, which will form the application problem to assess and compare the performance of SPSA in relation to SA and GA.
Wing-Design Problem
The application concerns the design of wing shape such that the aerodynamic ef ciency of the wing or the lift L to drag D ratio reaches a maximum value during cruise with the wing weight acting as a constraint, that is, the goal is to determine the wing geometry by either minimizing D=L or maximizing L=D with the wing weight as a constraint. The D=L ratio can be formulated in detail using the analytic formulas for aerodynamic analysis as de ned in Raymer. 3 The lift L is de ned as L D C L q S, where q D , where W dg is the design gross weight in poundsand N z is the ultimate load factor, which is assumed to be 13.5 for subsonic ow.
The design variables for the wing design optimization, that is, ®; b; c;¸, and W wing , represent the angle of attack, wing span, mean aerodynamicchord,sweepangle,and wing weight,respectively.The objective function to be optimized is F.X / D D=L and is de ned as follows:
Minimize 
